Purpose A negative correlation exists between advanced maternal age and reproduction. Current data suggest that this correlation is due to a decline in oocyte quality with respect to female age. Since a new individual is derived from the fusion of a single sperm and egg, we tested whether the quality of this material could influence the long-term physiological health of offspring, by examining whether a link between parental age and lifespan of offspring exists. Methods We requested a search from the Swedish demographic database POPUM 3 maintained by the University of Umeå, Sweden between years 1700 and 1900. Parameters requested included mothers' and fathers' age at gestation, the lifespan of the children, cause of death of children and the region of birth. Results Complete data was obtained for 30,512 children born to 12,725 mothers and fathers. Kaplan-Meier estimators demonstrated a strong relationship between mother's age at gestation and the longevity of offspring. Extrinsic factors such as century of birth also had an effect on the data. The forward stepwise procedure on Cox's model of proportional hazards suggested that most significant intrinsic factors were mother's lifespan and mother's age at gestation. Conclusions These data demonstrate that intrinsic and extrinsic factors influence the lifespan of children. Among intrinsic factors, mother's lifespan and age at gestation had a significant influence on the data. The influence of intrinsic factors remained significant despite a strong extrinsic influence. We suggest that the influence of the mother on the lifespan of offspring is due to extra-genomic factors.
Introduction
The reproductive efficiency of females is known to be negatively correlated with age at gestation in the human. Apart from the decrease in ovarian reserve [19, 38] , physiological and clinical evidence has demonstrated that this relationship is caused by defects within the human oocyte [55, 37, 35, 26] . This is perhaps not surprising since the primordial germ cell is formed prior to birth, therefore the age of these cells reflects the age of the mother. However, the biological causes for this relationship are not well defined. Current hypotheses include an increase in the frequency of aneuploidy in the oocyte through errors in meiosis [22] and a decrease in the efficiency of aerobic respiration in the oocyte, leading to a deficit in energy production [43, 44, 52, 53, 50, 14] , although the two theories are not mutually exclusive [52] .
Advanced parental age at gestation may also have more subtle physiological effects on the health and longevity of offspring, because each individual receives a physiological makeup that is influenced by that of the parents and that this extends beyond the inheritance of the genome. Non-genomic contributions to offspring include the inheritance of the mitochondria through mitochondrial DNA (mtDNA) of the mother and the centrosome of the father [42, 7] . Therefore, the inheritance of sub-optimal organelles could influence the long-term health of offspring. Epigenetic alterations of the genome can also be inherited [34] , suggesting that postgenetic influences on the genome can be carried forward into subsequent generations. Correlations between the lifespan of parents and siblings has been suggested through many animal models and is termed 'the Lansing effect' [29, 30, 40] . In Drosophila melanogaster a non-nuclear factor influences lifespan [54] . Advanced paternal and maternal age in mice also appears to decrease the postnatal development, reproductive efficiency and lifespan of offspring [45-47, 15, 16] . In humans, both paternal age [18, 17] and maternal age [6, 27, 41] have been suggested to influence the lifespan of daughters.
Many hypotheses, both intrinsic to the biology of reproduction, and extrinsic (socio-economic etc.), have been proposed to explain the effect of advanced age on the health of offspring. One intrinsic theory suggests that DNA mutations accumulate in the parental genome, leading to an increased risk of producing offspring with genetic disease [10, 11] . The theory further suggests a correlation would exist between fathers of advanced age and their offspring because DNA repair is reduced during spermatogenesis, remaining efficient in the primordial oocyte, although recent evidence suggests that DNA repair also declines in ovaries [1, 2, 48] . Extrinsic theories include the efficiency of materno-fetal nutrition which declines with respect to age, causing gestational complications, premature delivery and low birth weight and in consequence programming offspring of mothers of advanced age to a shorter lifespan [5, 24, 23, 3] , although this hypothesis has not been universally accepted [8, 31, 36] . A socioeconomic theory however suggests that advanced maternal age has a positive effect on the lifespan of offspring due to increased experienced and socio-economic advantages associated with age [36] .
Here, we investigate whether parental age may have a longer term influence on human offspring than simply on pregnancy and childbirth alone. We used an extraction from a demographic database over a 200 year period in order to neutralize the influence of confounding factors. Our data suggests that both extrinsic and intrinsic elements influence lifespan, but intrinsic maternal factors remain highly influential.
Materials and methods
We requested a database search from the Swedish demographic database POPUM 3 Demografiska Databasen, Umeå Universitet, S-901 87 Umeå, Sweden. This database is particularly useful because it provides a full demographic record of Swedish citizens from the year 1700 onwards. Parameters requested were mothers date of birth, the date of birth of each child of individual mothers, date of birth of the father of each child (where known), sex, and date of death of the offspring. Where known, a cause of death was also included in the data. The four regions of Sweden included in the search were North Inland, Sundsvall, Skellefteå, and Linköping. Extracts from the years 1700-1900 were requested from the regions, in order to ensure the complete records (i.e. date of death) of all offspring.
Data was selected where the date of birth and death for the subject, birth and death of both mother and father was known. Moreover number of children in the family and place of birth was also recorded. Data was deselected where one of the above parameters was not recorded; where the sex of the individual was unknown or hermaphrodite, or where the cause of death was obviously non-natural (i.e. 'hanged', 'murdered' or 'lost in the forest').
Data was processed and statistically analysed using SPSS software (IBM, USA). The Kaplan-Meier estimator was used to plot the survival function from lifetime data [25] . The Log rank and Wilcoxon test were applied to test for homogeneity of the KM survival curves. Cox's model of proportional hazards [9] with the forward stepwise procedure was used to test the relative influence of variables within the database on the outcome. Accumulated risk of death was calculated as the negative log of the survival function. The power of the test was determined as >0.80 for all analyses. Students' t-test was used to determine the significance of populations and the ztest was used to test the significance of proportions..
Results
Complete data was obtained from a total 30,512 children (born to 12,725 mothers and fathers), according to the records in the database. The Kaplan-Meier (KM) estimator for survival of children records a median of 6 years (n=30,512, Table 1 ) and a mean of 22.9 +/− 0.16 years (mean +/− sd, n=30,512, Fig. 1a and b) . Century of birth affected significantly the survival data. In the 18th century, the median longevity of offspring was 3 years (n=5,191) whereas this increased to 58 years in the 19th century (n=25,320, Fig. 2a and b) . The Log Rank test and Wilcoxon test were performed to measure the homogeneity of the curves, and both tests demonstrated that these curves differed in a highly statistically significant The data is taken from all 30,512 children recorded in the database manner (p<0.0001). Analysis of the data demonstrates that this difference was due to a large proportion of deaths among newborns in the 18th century (Table 2 and Fig. 2 ). According to the database, the median age at which women gave birth over the two centuries was 31 years. We used this value to plot a KM survival curve and therefore test whether the age of the mother influenced the lifespan of offspring. The KM survival curve showed a highly significant decrease in the survival function for offspring born to mothers of age greater than 31 years ( Fig. 3a and b) . The median lifespan of offspring born to mothers younger than 31 years was 10 years whereas children born to mothers of age greater than 31 years lived a median of 4 years. Again, the Log Rank test and Wilcoxon test demonstrated that the differences between curves were highly statistically significant (p<0.0001), indicating that the lifespan of children born to mothers below 31 years of age is significantly longer than that of mothers over this age. The differences remained highly significant in both the 18th and 19th centuries, even considering the increase in deaths among newborns in the 18th century ( Fig. 4a and b and Table 3 ).
Lifespan of offspring decreases in relation to mother's age at gestation even in individual families (Fig. 5) . These data suggest that mother's age at birth (cutoff 31 years) has a negative influence on the lifespan of offspring.
The above data shows that the lifespan of offspring is influenced by intrinsic factors such as mother's age at birth, and extrinsic factors such as century of birth. Interestingly, mother's age at birth remained a significant influence on lifespan through both centuries suggesting that intrinsic factors are fundamental to the dataset. Intrinsic factors include parents' age at birth and lifespan, whereas extrinsic factors could include maternal experience and socio-economic influences such as access to healthcare and education in diverse regions of the country. Although it is not possible to account for all intrinsic and extrinsic factors in the present work, measurable variables that could be extracted from the present database include the longevity of both mother and father, age of father at birth, gender of the child and total number of children born to a particular mother. We tested the relative influence of each of these variables on the lifespan of children by using the forward stepwise procedure with Wilcoxon's chisquared test on Cox's model of proportional hazards ( [9] , Table 4 ). Although extrinsic factors such as number of children per mother influenced the data, intrinsic factors such as mothers' lifespan and age at birth also had significant effects ( Table 4 ). The data suggest that the most significant intrinsic factors that influenced the longevity of offspring in the present work are mother's age at the child's birth and the longevity of the mother (Table 4) .
Discussion
Reproduction involves the inheritance of the male and female genome, but also the inheritance of extra-genomic factors such as the mitochondria (through the mitochondrial DNA) [12] from the mother and the centrosome (through the Fig. 3 a Comparison of Kaplan-Meier estimate of general survival function for offspring born to mothers in relation to median age. The red curve is the data of offspring born to mothers of age over 31 years (n=15,255) whereas black represents survival data of children born to mothers of less than or equal to 31 years (n=15,256). b Accumulated risk curve comparing the lifespan of offspring born to mothers in relation to median age. The graph is plotted as accumulated risk of death (y-axis) against lifespan of individuals (years). The red curve is the data of offspring born to mothers of age over 31 years (n=15,255) whereas black represents survival data of children born to mothers of less than or equal to 31 years (n=15,256). The graph is plotted as the negative log of the KM survival function (y-axis) against lifespan of individuals (years) Fig. 4 a Comparison of Kaplan-Meier estimate of general survival function for offspring born to mothers in relation to median age (cutoff 31 years) and century of birth. The red (n=2,596) and black (n=2,595) curves represent the 18th century whereas green (n=12,660) and blue (n=12,660) curves are data from the 19th century. Blue and redmothers greater than 31 years of age. Green and black-mothers less or equal to 31 years of age. b Accumulated risk curve comparing the lifespan of offspring born to mothers in relation to median age and century of birth. The graph is plotted as accumulated risk (negative log of the KM survival function) of death (y-axis) against lifespan of individuals (years). The red (n=2,596) and black (n=2,595) curves represent the 18th century whereas green (n=12,660) and blue (n=12,660) curves are data from the 19th century. Blue and red-mothers greater than 31 years of age. Green and black-mothers less or equal to 31 years of age spermatozoon) from the father. These data alone suggest that the physiological makeup of new individuals is dependent on more than simply the genes of their parents. It is well established that the reproductive efficiency of parents is influenced by age, particularly in the case of the female. In the present work, we further speculate that the inheritance of the physiological makeup of the gametes from ageing parents can influence the health (measured in the present work as lifespan), of their offspring. We used a demographic database to test whether maternal age at gestation influences the lifespan of offspring. From the database of 47,734 children, 17,222 children were excluded due to incomplete datasets, leaving 30,512 children analysed. We used the Kaplan-Meier estimator of survival function to estimate the longevity of children born in this period. The median age of death of all offspring analysed was 6 years ( Table 1) . Differentiation of survival data for century of birth shows a significant difference in the results. In fact, in the 18th century, the median lifespan of children was 3 years whereas in the 19th century, the median rose to 58 years of age. Although these data appear to demonstrate a dramatic improvement in survival of children in the 19th century, analysis of the deaths at birth shows a significantly higher proportion of neonatal deaths in the 18th century ( Table 2 ). The median age of the mother at birth in the present data was 31 years. We tested whether the age of the mother at birth influenced the longevity of offspring by comparing the KM survival curves in relation to this age. Whether data was differentiated for century of birth, or plotted together, children born to mothers younger than 31 years of age lived a significantly longer lifespan than those born to older mothers (Figs. 3 and 4 and Table 3 ). These data strongly suggest that the age of the mother at birth is a significant influence on the lifespan of offspring.
The lifespan of children may be influenced by many factors, both intrinsic and extrinsic. It has been suggested that both mothers' and fathers' age at birth strongly influence the lifespan of offspring, both in humans and animal models [29, 30, 40, 45-47, 15, 16, 18, 17, 6, 27, 41] . In the 18th and 19th centuries in Sweden, lifespan of offspring could also be influenced by many extrinsic factors such as living conditions. We tested the relative influence of all factors measurable in the present database. Our data suggest that, although many extrinsic factors including century and region of birth could significantly influence the longevity of offspring, intrinsic factors such as mother's lifespan and mothers' age at birth had fundamental effects.
Which intrinsic biological factors are inheritable principally through the female germ line, in a pattern related to age? Gross oocyte defects such as chromosome abnormalities may be inherited in relation to the age of the mother (Downs' syndrome for example), but cause immediate, drastic effects on the health and therefore lifespan of offspring, and transmission to offspring is unlikely due to the low probability of reproduction in these individuals. Nuclear genetic abnormalities, for example mutations that cause genetic disease such as Muscular Dystrophy are usually transmitted in a Mendelian fashion and can be sex-linked, but are not known to be transmitted in relationship to the age of the mother. Therefore the present data suggests that nuclear genetic factors are not primarily involved.
If the genome does not significantly contribute to the effect shown, is it possible that extragenomic factors are involved? Extragenomic factors contributed by the female germ line to offspring include the mitochondria (in the form of mitochondrial DNA or mtDNA [7] ). We and others have previously suggested that the mitochondrial activity of oocytes loses The Forward Stepwise procedure was used to determine the relative rank of influence of each of the above variables on longevity of offspring.
Relative risk was calculated through the method of 'Maximum Likelihood Estimation' efficiency in relation to the age of the mother [33, [50] [51] [52] [53] . Therefore it is possible that sub-pathological losses of mitochondrial activity can affect the physiology of individuals that inherit these organelles, and this may have long-term physiological consequences such as reduced lifespan. Another possibility is that gene expression profiles change in ageing individuals as they have been shown to occur in the mouse [21] . This may again lead to sub-pathological damage to gametes and health consequences for offspring born to these individuals. Extrinsic factors that may influence the lifespan of offspring could include socio-economic factors such as experience of the mother, and physiological factors such as the environment to which the unborn foetus was exposed. Experience of the mother suggests that children to older mothers should live longer. Since this was not the case in the present analysis, experience appears not to have any significant effect on the lifespan of offspring. Physiological factors could include the environment which the developing foetus is exposed to in females of advanced age, and this could be further influenced by the external environment. There is some evidence that pregnancies are higher risk in mothers of advanced age, with a consequential increase in the incidence of low birth weight neonates (<2,500 g) and a reduction in the number of gestational weeks in relation to age. In the present data, we could not directly exclude these two factors, because gestational weeks and birth weight were not registered until later time periods (1950's). However, we suggest that the survivability of low birth weight neonates and after premature delivery is limited in the historical period of this work (1700-1900). Furthermore, although there is a published decrease in gestational weeks in relation to maternal age [32, 4, 28] , in reality this is minimal (<7 days according to [13] ) and other risk factors for advanced maternal age do not increase significantly (1-5 % according to [32, 28] ). Therefore, we suggest that gestational factors contribute little to the relationship described in this work. The gestational environment however could be further influenced by the external environment. The 1944 famine in Holland for example has been characterized by an epigenetic imprint on individuals born in this time period [20, 49] , and this appears further to be somewhat inheritable [39] . Although socio-economic factors (expressed as century of birth in the present work), are also strongly related to lifespan of offspring, these do not appear to influence the intrinsic relationships (Fig. 4) , suggesting that intrinsic factors significantly influence the lifespan of offspring in the presence of variable extrinsic factors.
In summary, we have demonstrated a correlation between mothers' age at gestation, and the lifespan of children. The relationship is non Mendelian, and principally inherited through the mother. We speculate that the relationship is caused through the contribution of mtDNA, although other factors could be responsible. We have previously suggested that the degeneration of mitochondria with respect to maternal age affects the reproductive potential of these individuals. We now suggest that the same mechanism causes longer term effects on the individual than previously anticipated.
